Abstract. The current literature reports the quantitative analysis of the kinetics of grain growth influenced by second-phase particle mechanisms for a powder metallurgy nickel-base superalloy: APK-6. Annealing treatments in the superalloy are shown to involve coarsening/dissolution of γ' particles, and these particles mechanisms are shown to influence the kinetics of grain growth. The grain-growth exponent, n, is computed, and the γ'-solvus temperature of the superalloy is determined to lie between 220 and 270 o C. The kinetic data is interpreted to establish dependence of γ' particles coarsening/dissolution mechanisms, grain size, γ'-solvus temperature, and annealing time and temperature on the rates of grain growth in the superalloy.
Introduction
The control of grain growth and its kinetics is of great technological importance, since many material properties are strongly dependent on grain size and its distribution [1, 2 and 3] . In an industrial thermo-mechanical processing operation, grain growth is strictly controlled by controlling process parameters, such as temperature and annealing time, which govern the grain-growth kinetics as well as the degree of normality/abnormality of grain growth in conventional metals and in superalloys [4, 5, 6 and 7] . In addition to these process parameters, the second-phase particle mechanisms are found to have profound influence and control on the kinetics of grain growth. It is therefore common, in technological practice, to incorporate second-phase particles to control grain growth in engineering alloys [8, 9 and 10] .
The kinetics of grain growth under isothermal annealing conditions are generally expressed by a relation of the type [11, 12 and 13] :
(1) where d is the average grain diameter at the end of isothermal annealing carried out at temperature T for a duration of t, k is a temperature-dependent constant, d o is pre-growth grain diameter, and constant m is the reciprocal of grain-growth exponent. For the powder-metallurgy superalloy, reported in this paper, pre-growth grain diameter being extremely small in comparison to the postgrowth grain diameter, the term d o can be ignored in comparison to d, so Equ (1) takes the form: d = k t n .
(2) where n is grain-growth exponent, defined as n = 1/m. The influence of second-phase particles on grain growth was first considered by Zener cited by Smith [14] . The particles were considered to be fixed with boundaries moving through the structure [9, 15, 16, 17, 18 and 19] . The pinning force per particle, F, has the form:
where r is mean radius of second-phase particles and γ gb is the grain-boundary energy.
The work reported in this paper presents quantitative aspects of the influence of second-phase γ' particles on the kinetics of grain growth in APK-6 (a powder formed nickel-base superalloy). Although fatigue strength of the P/M APK-6 alloy is 2½ times superior as compared to conventionally-cast superalloys, its creep strength, in the as-received condition, is poor owing to fine grain size and coarse γ'-particle size [20 and 21] . These microstructural features in APK-6 necessitate additional processing of grain-growth heat treatment in order to render this material suitable for application in blades of gas-turbine engines. Annealing heat-treatment is shown to involve coarsening/dissolution of γ'-particles, and these particle mechanisms are shown to influence kinetics of grain growth in the superalloy.
Experimental
The chemical composition of the starting material (SM): APK-6 (a slab forging) is given elsewhere [22 and 23] . Nine samples from SM were annealed in a tube furnace in the temperature range of 1170-1270 o C (1443K-1543K) for a duration in the range of 20 min -22 h followed by air cooling. The sample identification scheme is mentioned in Table 1 . The surfaces chosen for metallographic specimen preparation were those cut in transverse direction to the length of the slab-forging. Metallographic specimens from the ten samples, mentioned in Table 1 , were prepared by grinding to 600 mesh followed by mechanical polishing to 1 µm diamond. Metallographic etching was accomplished by electrolytic polishing with 1% HCl in distilled water using ELECTROPOL machine. Microstructural characterization involved use of an optical microscope linked with a computerized image analyzer with aid of the VIDS General Measurement System software.
Results and Discussion
Microscopy. The optical micrographs of electro-etched samples representing typical results are shown in Fig 1(a,b) . These micrographs show the microstructures of the heat-treated samples A-3 and C-3 representing γ'-particle coarsening and γ'-particle dissolution mechanisms respectively. The effects of heat-treatment parameters on grain size and the second-phase (γ') particle size of the superalloy can be observed from the grain-growth data in Table 1 , which shows values of mean and maximum grain diameters and the variation in γ' particle size with increasing time and temperature. Figure 1 (a) shows a restricted grain growth due to particle-coarsening (see Sect. 3.2.1 for discussion of γ'-particle coarsening mechanism). Figure 1(b) shows total dissolution of the γ'-phase in the microstructure of the nickel alloy (see Sect. 3.2.2 for discussion of γ'-particle dissolution). It was difficult to measure the grain size of sample D by use of optical microscope, since the microstructure of the as-received powder formed alloy was extremely fine and dispersed. However, the use of transmission electron microscopy (TEM) enabled us to measure the average grain diameter of sample D, which was determined to be around 0.1 µm (100 nm) [20] . The kinetic data for sample C-3 (see Table 1 ) shows abnormal grain growth with a maximum grain diameter of 175 µm. Since the pre-growth average grain diameter of the as-received material is negligibly small (0.1 µm) in comparison to the post-growth grain diameter (175 µm for sample C-3), the omission of actor d o in Equ (1) and its simplification to Equ (2) Table 1 :Effect of Heat Treatment on Grain Size and γ'-particle size of APK-6 A comparative interpretation of the grain-growth kinetic data for samples B-3 and C-1 (see Table 1 and Fig 1(b) ) indicates that the γ'-solvus temperature of the nickel alloy: APK-6 lies between 1220 o C (1493K) and 1270 o C (1543K). The kinetic data in Table 1 also enables us to conclude that the overall mechanism of grain growth during annealing from 1170 o C (1443K) to 1270 o C (1543K) is accompanied by two major second-phase (γ') particle mechanisms: particle-coarsening and particle-dissolution; the former occurs at temperatures from 1443K to 1493 (see the values of γ'-particle size for samples A-1 to B-3) whereas the latter occurs at 1543K. The influence of γ'-particle mechanisms on the kinetics of grain growth is discussed in the subsequent paragraphs.
Data Analysis. The influence of process parameters, grain size and γ'-particle mechanisms on the kinetics of grain growth in APK-6 are graphically illustrated in Figs 2-3. Figure 2 is based on linear plots whereas Fig 3 is based on log-log plot. Figure 2 shows that the rate of grain growth, G, not only depends on the annealing temperature but also on the average grain diameter, d. The kinetic data for the grain growth during annealing from 1443K to 1543K is presented in Table 2 ; the latter shows the values of rates of grain growth at various temperatures and average grain diameters. The isothermal curves in Fig 2 and The tendency for abnormal grain growth with increasing temperature and duration is shown in Fig  2, which encompasses both types of grain size data i.e. both the average grain diameter, d, as well as the maximum grain diameter, d max , are plotted versus the annealing time. The isothermal curves from the two types of grain size data (d and d max ) in Fig 2 show increasing deviation (from one another) with increasing time and temperature. These results lead to a conclusion that the degree of abnormality of grain growth increases with increasing temperature and annealing durations.
Influence of Particle-Coarsening Mechanism on Grain Growth. The log-log plot in Fig 3  enabled us to determine the exponent n in the grain growth kinetic relationship [see Equ (2) ]. The observation that the middle line in Fig 3 tends to be almost horizontal indicates that the graingrowth process is highly restricted for extreme cases of particle coarsening (see Table 2 ). This is the reason why n value decreases from 0.12 to 0.02 (see Table 3 ) during annealing from 1443K to 1493K. This decreasing trend in n values is clearly observable from the slopes of the lowest and the middle lines, respectively, in Table 3 : Grain Growth Exponents at various Temperatures
The kinetic behavior that the rate of grain growth decreases significantly with γ'-particle coarsening is in agreement with the literature [1, 13 and 27] . This kinetics is also understandable by the relationships expressed in Equation (3), according to which inhibition in the rate of grain growth is caused by weakening of grain-boundary pinning by coarsening of γ' precipitates. These quantitative studies lead to the conclusion that the rate of grain growth decreases with increasing annealing temperature and radius of γ'-precipitates during the particle-coarsening stage.
Influence of Particle-Dissolution Mechanism on Grain Growth. The influence of particle dissolution with reference to Fig 3 is now discussed. A drastic rise in the slope of the top line in comparison to the middle line indicates a remarkable increase in the value of grain-growth exponent n (from 0.02 to 0.16) during annealing stage from 1220 to 1270 o C (particle-dissolution stage). On quantitatively analyzing the data in Table 2 , it can be shown that the rate of grain growth increases by 98% due to the phase transformation: particle dissolution. However, the rate of grain growth slows down on further annealing above the γ'-solvus temperature, so that G value decreases by 80% when the grain size increases by 30% (see Table 2 ). The drastic rise in the rate of grain growth during the particle-dissolution stage (see Fig 3) is justified because the second-phase particledissolution is accompanied by removal of the particle-pinning forces [see Equ (3) ]. Analysis of data in Table 3 indicates that there is a significant drop in the rate of grain growth (from 88 to 17 nms -1 ) when the initial grain size is as large as 30 µm during the particle-dissolution stage.
Conclusions
Grain growth in the nickel-base superalloy: APK-6 is a multiple-stage process involving the second-phase (γ') particle-coarsening and the particle-dissolution as the chief mechanisms. The kinetics of grain growth in this superalloy is, therefore, largely governed by the stage (particle mechanism) of the process. The following conclusions were drawn: a) A dependence of the rate of grain growth on grain size was shown, and it was established that the rate of grain growth decreases with increasing grain size. b) The grain-growth exponent n was determined to be in the range of 0.02-0.164 during annealing from 1170 to 1270 o C. The exponent n deviates largely from the ideal 0.5 with the coarsening of the second-phase particles. c) The rate of grain growth decreases with the increasing annealing-temperature and radius of the γ'-particles during the particle-coarsening stage of grain-growth. d) There is a sharp rise in the rate of grain growth during the particle-dissolution stage. e) When the particle-dissolution stage in the grain-growth process has passed, the grain growth tends to be abnormal, and the rate of grain growth varies directly with the annealing temperature. The degree of abnormality of grain growth was found to increase with increasing temperature and annealing durations.
